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Optimizing Levitation Devices for Wireless Power
Transfer: An Fe-NCS Grid Structure Approach
Fengxian Wang , Qingxin Yang, Xian Zhang , Zhaoyang Yuan , Member, IEEE, and Xuejing Ni

Abstract—This article proposes a solution for driving a microdis-
placement device in the coupling space of a wireless power transfer
system. The solution involves using a levitation device made of
a combination of Fe-based nanocrystalline alloys (Fe-NCS) and
aluminium. The dynamic model of the levitation device is analyzed
to understand the electromagnetic force involved, and an optimized
grid-type Fe-NCS structure is proposed to reduce the weight of
the device and achieve stable levitation. The optimization uses a
variable acceleration particle swarm optimization algorithm. A
3.7-kW prototype with 100-A input current is built to validate
the proposed structure, and the results show that the optimized
grid-type structure effectively enhances the average horizontal
velocity of the levitation drive to 9.3 cm/s.

Index Terms—Electromagnetic force (EMF), grid-type
structure, levitation device, particle swarm optimization (PSO),
wireless power transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) technology transmits
energy efficiently through the near-zone electromag-

netic field excited by the high-frequency resonant current flow-
ing in the coupled coils [1], [2], [3], [4]. According to the
electrodynamics theory, the alternating electromagnetic field
excited by the WPT system will generate a force on the charged
particles in the coupling space [5], [6], [7], [8]. Using this force
to control the microdisplacement device and realize the efficient
transfer of power at the same time is one of the research hotspots
of the WPT technology [9], [10], [11].

Some scholars and research institutions have carried out many
research works on the electromagnetic force (EMF) of WPT
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systems. In [12] and [13], Kim et al. proposed a microrobot dis-
placement device which realizes 2-D directional motion driven
by EMF while realizing wireless power transfer. To realize
the 3-D steering motion of the microrobot, the three mutually
orthogonal Helmholtz coils are proposed, which can generate
a uniform electromagnetic field in the 3-D space [14]. Oka
and Tanaka [15] designed a novel magnetic levitation device to
levitate the receiver mechanism by the electromagnetic repulsion
provided by the coupled coils and the permanent magnet. Liu
et al. [16] designed a novel magnetic resonant coupling motor
without any iron or permanent magnet core. The rotor is ro-
tated by the multidirectional electromagnetic torque adjusted by
the excitation frequency that follows the trajectory of resonant
frequency splitting. To reduce the potential hazard to the safe
operation of the system caused by the EMF on the coupler, Wang
et al. [17] proposed a smoothing method based on the phase
difference control, which can minimize the combined EMF on
the coupler. The research on the EMF of the WPT system is
mainly to meet the specific driving requirements of microminia-
ture robots in the coupling space and to suppress the EMF on the
coupler. The specific application scenarios include implantable
medical devices, microrobots used for hazardous operations, etc.
The current research mainly focuses on the precise navigation
of the driving body, multidimensional driving under multiple
driving coils, multigroup omnidirectional driving control, and
spatial directional control. There is no report on the mechanical
performance and dynamic characteristics of different material
combinations.

Using EMFs to attain precise motion states in levitation
devices is a highly regarded research area. In contrast, there
are existing literature reports in other electromagnetic contexts,
such as biomedical and microrobotics domains, the specific
problem of levitation devices in WPT centers on achieving
desired motion states within the electromagnetic coupling space
[18], [19], [20], [21]. This sets it apart from levitation device
challenges encountered in other fields and necessitates careful
design and optimization to meet the distinctive demands of
energy transmission.

This article focuses on driving the levitation device while
transferring the power in the WPT system. It is necessary to
state that, unlike the traditional focus on the loss of metallic
foreign bodies in the coupling space, this article is more con-
cerned with its force and motion characteristics and achieving
stable levitation and rapid moving motion with the character-
istics. Based on the difference in the EMF between the Fe-
based nanocrystalline alloys (Fe-NCS) and the aluminium, a
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Fig. 1. Schematic diagram of the levitation device consisting of the Fe-NCS and the aluminium.

levitation device consisting of the two materials is proposed. In
Section I, the mechanism of the EMF on the levitation device
in the coupling space is studied. The motion characteristics of
the proposed levitation device are investigated. To reduce the
weight of the levitation device and achieve stable levitation, the
optimized levitation device with the grid-type Fe-NCS structure
is proposed based on the variable acceleration particle swarm
optimization (VA-PSO) algorithm in Section II. In Section III, a
prototype is built to verify the accuracy of the optimized design
results. Finally, Section IV concludes this article.

II. LEVITATION DEVICE CONSISTING OF THE FE-NCS
AND THE ALUMINIUM

Considering the weight of the levitation device, Fe-NCS with
light mass and good magnetism is used in this article after
fragmentation treatment. It has a relative permeability μr of 600
and operates in a nonsaturated state. Affected by the alternat-
ing electromagnetic field in the coupling space, the aluminium
generates multiple concentrically distributed rings of induced
currents due to the eddy current effect. At the same time, the
Fe-NCS generate molecular magnetization currents due to the
magnetization effect, according to the different force perfor-
mance of these two types of materials. This article proposes a
levitation device consisting of Fe-NCS and aluminium.

The schematic diagram of the levitation device is shown in
Fig. 1. The levitation device will generate an additional electro-
magnetic field and distort the original field strength distribution
after the eddy current and magnetization effects. In particular,
the WPT system usually treats aluminium in the coupling space
as a foreign body, which can harm the system when it is in
the working system for a long time. However, the aluminium
in the coupling space has motion characteristics due to EMF
and loss characteristics. This article does not focus on its loss
characteristics but uses its dynamic characteristics to achieve
specific requirements. This article choses the SS-type topology
as the primary circuit configuration. Fig. 2(a) is the topology of
the WPT system, and the current-type inverter circuit is chosen
as the excitation for the coils.

As depicted in Fig. 2(b), the schematic representation of the
equivalent circuit diagram of the WPT system is illustrated when

Fig. 2. Circuit model considering levitation device. (a) WPT (intervening
the levitation device). (b) Equivalent circuit. (c) Incorporating levitation device
effects.

the levitation device is intervened into the system as a metallic
material. Fig. 2(c) is the corresponding equivalent circuit dia-
gram after intervening with the levitation device effects into the
system.

In [22], the effective self-inductance of the transmitter and
receiver is denoted as follows:

L′
m = Lm − ω2 M2

m

|ZLD|2
LLD (m = 1, 2) . (1)

Similarly, the effective mutual inductance with the levitation
device can be expressed as follows:

M ′
12 = M12 − jωM1M2

ZLD
(2)

where ZLD = RLD + jωLLD.
The levitation device resistance is tens of milliohms for an

operating frequency of 10 kHz. In this range, ωLLD � RLD.
Hence, the effective self-inductances can be further simplified
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as follows:

L′
m = Lm

(
1− k2m

)
(m = 1, 2) (3)

where km = Mm/(LmLLD)
0.5(m = 1, 2).

Similarly, the expression of mutual inductance can be simpli-
fied as

M ′
12 = M12 − M1M2

LLD
= M12

(
1− k1k2

k12

)
(4)

where k12 = M12/(L1L2)
0.5.

Using these expressions, the effective mutual inductance and
the consequent coupling coefficient between the transmitter and
receiver is

k′12 = k12 − k1k2. (5)

Based on the equation above, the extent of the impact exerted
by the levitation device on the WPT system is contingent upon
the degree of coupling between the device and the coils.

Upon intervening with the levitation device into the system,
the occurrence of eddy currents induced by the device’s presence
causes changes in the self-inductance of the coils. In addition,
the proximity between the levitation device and the coils affects
the couplers and alters the mutual inductance within the system.
As a consequence, the coupling strength is reduced, leading to
modifications in the system power. This phenomenon can be
mathematically expressed as follows:⎧⎪⎨
⎪⎩
PIN = Re [U INI∗

IN] =
I2

IN[(ωM ′
12b)

2+R′
1(R

′
2+RL)(a2+b2)]

(a2+b2)(R′
2+RL)

POUT = Re [IINI∗
INRL] =

I2
INRL(ωM ′

12b)
2(a2+b2)

[(a2+b2)(R′
2+RL)]

2

(6)
where {

a = ω2C2L
′
2 − 1

b = ωC2 (R
′
2 +RL)

. (7)

Through further derivation, the system efficiency can be ob-
tained as follows:

η =
POUT

PIN

=
(ωM ′

12b)
2RL

(R′
2 +RL)

[
(ωM ′

12b)
2 +R′

1 (R
′
2 +RL) (a2 + b2)

] .
(8)

In particular, when the levitation device is not present in the
system, a = 0. In this case, the system power can be as follows:⎧⎨

⎩PIN =
I2

IN[ω2M2
12+R1(R2+RL)]
(R2+RL)

POUT =
ω2M2

12I
2
INRL

(R2+RL)2
.

(9)

Similarly, the system efficiency can be as follows:

η =
ω2M2

12RL

(R2 +RL) [ω2M2
12 +R1 (R2 +RL)]

. (10)

Fig. 3 shows the variations in coil self-inductance and mutual
inductance between the coupler for different sizes of the levi-
tation device (positioned centrally at a distance of 30 mm from

Fig. 3. Effect of levitation device on WPT.

the transmitting coil). As the levitation device’s size increases,
the coils’ self-inductance and the couplers’ mutual inductance
decrease. The reduction in self-inductance is more pronounced
in the transmitting coil than the receiving coil, with the influence
of the Fe-NCS being lower than that of the aluminium. In
addition, the mutual inductance between the couplers decreases
with larger levitation device sizes. However, when the levitation
device’s side length is less than 72 mm, the coil self-inductance
and mutual inductance changes are below 1% and can be con-
sidered negligible. Thus, the impact of the levitation device on
the system’s electrical parameters can be ignored.

Upon intervening with the levitation device, composed of a
metallic material, into the system, the self-inductance of the
coils undergoes modifications due to the skin effect induced
by eddy currents. Furthermore, physical contact or proximity
between the levitation device and the coils may decrease cou-
pling strength. Nonetheless, considering the significant differ-
ence in size between the levitation device and the coupler, as
well as the controlled variations in self-inductance and mutual
inductance between the coils and the levitation device during
system operation, the impact on energy efficiency parameters
is only marginally diminished, remaining within an acceptable
range. Notably, this study primarily focuses on optimizing the
displacement performance and structure of the levitation device
to achieve swift motion and stable levitation. Consequently,
within this investigation’s scope, the levitation device’s influence
on energy transfer can be deemed negligible.

The force on the levitation device in the strong electro-
magnetic coupling environment is analyzed to investigate the
functionality of the levitation device. Its motion characteristics
in the coupling space are obtained.

A. Force on the Levitation Device

The levitation device in the coupling space can be equivalent
to the multiple concentric current rings. Considering the com-
bined effect of induced eddy currents and molecular magneti-
zation currents on the magnetic field, the magnetic flux density
near the levitation device can be expressed as

B = B0 +Be +Bm =
(1− χm)2B0

J0 (kR)
J0 (kr) eB (11)

where r is the equivalent radius of the levitation device. R is
the maximum equivalent radius of the levitation device. σ is the
electrical conductivity of the aluminium. χm is the magnetic
susceptibility of the Fe-NCS. μ0 is the vacuum permeability. B0
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is the original field strength. J0 is the zero-order Bessel function,
in which

k2 = jμ0σω (12)

where ω is the frequency of the induced eddy current.
In (11), the device’s influence on the field strength distribution

in the coupling space is considered. And B is expressed in
electromagnetic field theory rather than the traditional analysis
based on aggregate circuit theory.

The EMF on the levitation device can be considered as the
superposition of the EMFs on the aluminium and the Fe-NCS,
which can be derived by

F = F J + FM . (13)

By introducing the magnetic vector potential Ae, the equiva-
lent eddy current in the aluminium can be derived by

Je = ∇×Ae =
Bk

μ0J0 (kR)
J1 (kr) eθ (14)

where J1 is the first-order Bessel function.
The density of EMF per unit volume of the aluminium is

fe = Je ×B =
B2k

μ0(J0 (kR))2
J0 (kr) J1 (kr) eθ×B . (15)

Taking into account the skin effect of induced eddy currents
in thin metal plates, the EMF on the aluminium is

F J =

∫ R

0

fedr =

∫ R

0

B2k

μ0(J0 (kR))2
J0

(kr) J1 (kr) eθ×Bdr

=

∫
S

− B2

2μ0

(
1− 1

(J0 (kR))2

)
eθ×BdS

= Ke

∫
S

B2

2μ0
eθ×BdS ∝ Ke

B2

2μ0
eθ×B . (16)

Based on (16), the EMF on the aluminium obeys the left-hand
rule, and the behavior of the overall force is the repulsion
of the adjacent side coupler. The force’s amplitude is related
to the material properties and dimensions of the aluminium and
the magnetic flux density. The influence factor Ke is specified
to represent the contribution of the material properties and
dimensions of the aluminium to the force.

According to the Maxwell’s stress method, the EMF density
per unit surface area of the Fe-NCS is expressed as

fm =
1

μ0
(n ·B)B − 1

2μ0
B2n (17)

where n is the normal unit vector of the Fe-NCS.
The EMF on the Fe-NCS can be derived by

FM =

∫
S

fmdS =

∫
S

(
1

μ0
(n ·B)B − 1

2μ0
B2n

)
dS

=

∫
S

1

2μ0(1 + χm)2
B2ndS=Km

∫
S

B2

2μ0
ndS∝Km

B2

2μ0
n.

(18)

TABLE I
PARAMETERS OF THE WPT SYSTEMS

Based on (18), the EMF and the magnetic flux density of the
Fe-NCS are in the same direction. The behavior of the overall
force is the attraction of the adjacent side coupler. The force’s
amplitude is related to the material properties, dimensions, and
magnetic flux density. The influence factor Km is specified to
represent the contribution of the material properties and dimen-
sions of the Fe-NCS to the force.

The standard sinusoidal expression for the magnetic induction
intensity in the coupling space of a WPT system is represented
as follows:

B(t) =
√
2B sin(ωt+ ϕB). (19)

Upon substituting the standard sinusoidal expression for the
magnetic induction intensity, the equation can be obtained as
follows:⎧⎨

⎩
FJ ∝ Ke

[
1
μ0
B2 − 1

μ0
B2 cos(2ωt+ 2ϕB)

]
FM ∝ Km

[
1
μ0
B2 − 1

μ0
B2 cos(2ωt+ 2ϕB)

]
.

(20)

The force exerted on the levitation device is inherently linked
to the system frequency. The EMF acting upon the levitation
device exhibits a periodic nature, oscillating twice that of the
system’s operational frequency.

The forces on the aluminium and the Fe-NCS are analyzed.
Fig. 1 shows the model diagram of the WPT system. The
transmitting coil flows 100-A current, and the compensation
topology of the system is SS type. The specific parameters of
the WPT system are shown in Table I. The initial positions of
the aluminium and the Fe-NCS are specified, and its geometric
centre is 30-mm away from the surface of the transmitter coil
and located in the center of the unilateral coupled coils.

Fig. 4 shows the waveforms of the EMFs on the aluminium
and the Fe-NCS, where the aluminium and the Fe-NCS have the
same size (50×50×2 mm3), and the direction of the force on
the aluminium is specified as the positive direction. The force
on the aluminium is a periodic electromagnetic repulsion force
with an amplitude of 1.56 N along the y-axis. The force on
the Fe-NCS is a periodic electromagnetic attraction force with
an amplitude of 0.46 N along the y-axis. Along the x-axis, the
force on the aluminium is a periodic EMF with an amplitude
of 14 mN, which is the same as its phase along the y-axis. The
force along the x-axis of the Fe-NCS is similar to that of the
aluminium, and the amplitude of the EMF is 3.4 mN. The EMFs
on the aluminium and the Fe-NCS have the same period, and
the direction of the force is opposite at any time.

According to Fig. 4, the forces acting on the aluminium
and the Fe-NCS in the coupling space of the WPT system
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Fig. 4. EMFs on the aluminium and the Fe-NCS. (a) Aluminium. (b) Fe-NCS.

Fig. 5. EMF on the aluminium and the Fe-NCS under different dimensions.
(a) Aluminium. (b) Fe-NCS.

exhibit complementary characteristics. The aluminium experi-
ences electromagnetic repulsion, supporting levitation and en-
abling fast lateral movement of the device. However, it should be
noted that the dominant electromagnetic repulsion compromises
the stable levitation state. To mitigate this, the introduction of
electromagnetic attraction acting on the Fe-NCS is considered,
which counteracts the repulsion and maintains the levitation
state. The optimization of the device’s structure becomes es-
sential to address the challenge of destabilization caused by the
introduction of electromagnetic attraction.

According to the previous analysis, the dimensions affect the
forces on the aluminium and the Fe-NCS. Fig. 5 shows the varia-
tions of the steady-state components of the EMF along the y-axis
on the aluminium and the Fe-NCS under different dimensions.
At the same thickness, the forces on both the aluminium and
the Fe-NCS increase with their length. At the same length, the
forces on both the aluminium and the Fe-NCS increase as the
thickness increases, verifying the correctness of (16) and (18).
Therefore, with the increasing dimensions of the material, the
electromagnetic field has a stronger effect on its EMF.

As analyzed above, the EMF on the levitation device of the
WPT system relates to the material properties and dimensions,
which have a positive correlation with the magnetic flux density.

The levitation device in the WPT system is composed of alu-
minium and Fe-NCS, exhibiting different force characteristics

TABLE II
DYNAMIC MODEL PARAMETERS OF THE LEVITATION DEVICE

within the WPT system. Combining the EMFs of these two
materials achieves stable levitation and horizontal displacement
motion of the device. Notably, the proposed driving method
for the microdisplacement device in the WPT system enables
self-induced motion without relying on sensor feedback. Instead,
it leverages the electromagnetic environment to drive the device.
The stable levitation relies on the balance between gravity and
electromagnetic repulsion, resulting in a sustained oscillatory
equilibrium state.

B. Motion Characteristics of the Levitation Device

The levitation device is subjected to the EMF to generate
regular motion between the coupling area of the WPT system,
and its dynamic characteristics are closely related to the elec-
tromagnetic field distribution characteristics. During the overall
motion, the electromagnetic energy and mechanical energy are
transformed into each other. Assuming the mass of the levitation
device is m. The dynamic motion of the levitation device can be
modeled by⎧⎨

⎩
md2x

dt2 = Fx − CxSx

(
dx
dt

)2 − kμf (Fy −mg)

md2y
dt2 = Fy − CySy

(
dy
dt

)2

−mg
(21)

where F(i), C(i), and S(i) are the components of the EMF, the
wind resistance coefficients, and the levitation device’s wind-
ward areas, respectively. i refers to the x- and y-directions. μf is
the sliding friction factor, and k is the sliding friction condition
factor. k = 1 means that the levitation device is in contact with
the surface of the receiver coil, k =−1 means that the levitation
device is in contact with the surface of the transmitter coil.
Otherwise, k = 0.

Based on (21), the motion state of the levitation device relates
to the spatial field strength distribution between the coupled coils
of the WPT system and its material properties and dimensions.
The steady-state position of the levitation device in the vertical
direction is determined by the difference between its weight
and the y-component of the EMF. When the difference is zero,
the levitation device is stably levitated. The x-component of the
EMF provides the driving force for the levitation device, which
drives it to generate horizontal displacement motion.

To simplify the analyze, the thickness of the levitation device
is set to be fixed, where the thicknesses of the aluminium and the
Fe-NCS are 2 and 0.25 mm, respectively. The levitation device
is a vertical plane body whose drag coefficient satisfies C = Cx

= Cy = 1. The densities of the aluminium and the Fe-NCS are
2.70 and 7.18 g/cm3, respectively, and their weights obey m=ρv.
Table II shows the dynamic model parameters of the levitation.
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Fig. 6. Vertical motion characteristics of the levitation device. (a) Different
dimensions. (b) Different initial heights.

The initial position of the levitation device is the same as that
described in Section II-A. The initial position of the levitation
device is shown in Fig. 1. The levitation device is driven by the
EMF. The motion of the levitation device is decomposed into
the vertical and horizontal motions. Its initial position is defined
as the origin, where x = 0 and y = 0.

Fig. 6 shows the vertical motion characteristics of the levita-
tion device. As shown in Fig. 6(a), the levitation device acts as
damping vibration in the vertical direction. When the length of
the levitation device is 60 and 70 mm, the vertical displacement
of the levitation device acts as the overdamping characteristics,
and the levitation device reaches the steady state at 0.93 and
0.42 s, respectively. When the length of the levitation device
is 40 and 50 mm, the vertical displacement of the levitation
device performs as the underdamping characteristics. It reaches
the steady state at 0.65 and 1.22 s, respectively. Its steady-state
heights are 8.97 and 7.45 mm, respectively. Fig. 6(b) shows the
vertical displacement of the levitation device under different
initial heights. The final steady-state height of the levitation
device is 8.97 mm, while the length of the levitation device
is 40 mm. As the initial height increases, the levitation device
takes longer to stabilize.

Fig. 7 shows the motion characteristics of the levitation device
in the horizontal direction. The levitation device performs as a
forward driving motion in the horizontal direction. To analyze
the Fe-NCS contribution to the levitation device’s horizontal
motion, a comparison between the fully coated Fe-NCS structure
and the uncoated Fe-NCS structure is made under the length
of 40 mm. The average horizontal velocity of the levitation
device with the fully coated Fe-NCS structure is greater than
that of the levitation device without the Fe-NCS structure in any
period. The Fe-NCS coating can improve the horizontal dynamic
response of the levitation device.

Fig. 7. Horizontal motion characteristics of the levitation device.

For the levitation device of the WPT system, its dynamic
characteristics relate to the dimensions and composition of
the materials. The force on the aluminium provides a stable
levitation contribution to the levitation device, and the force
on the Fe-NCS can further improve the horizontal dynamic
characteristics of the levitation device.

This section analyzes the force and motion characteristics of
the levitation device. In the horizontal direction, the device ex-
periences two types of EMFs that act in opposite directions. The
electromagnetic repulsive force acting on the metal primarily
contributes to the lateral displacement of the device. However,
it is essential to note that the electromagnetic repulsive force
compromises the suspension state of the device. To address this,
we introduce the attractive EMF experienced by Fe-NCS. Due
to the higher EMF on aluminium compared to Fe-NCS for the
same volume, the lateral motion characteristics of the device
predominantly rely on the repulsive EMF. In addition, in the
vertical direction, the repulsive EMF is counteracted by the
attractive EMF and the weight, maintaining the levitation state
of the device. Overall, including Fe-NCS enhances the levitation
device’s lateral dynamic characteristics.

III. OPTIMIZATION OF DYNAMIC CHARACTERISTICS OF THE

LEVITATION DEVICE WITH THE GRID-TYPE

FE-NCS STRUCTURE

According to Section I, the motion state of the levitation
device consisting of the Fe-NCS and the aluminium relates to its
structure. The aluminium is mainly affected by electromagnetic
repulsion, which provides the levitation device with levitation
support. At the same time, it provides the driving force for
the levitation device together with the Fe-NCS. The Fe-NCS
are affected by electromagnetic attraction, which will affect
the vertical steady state of the levitation device. To stabilize
the levitation device and provide the driving force required for
rapid movement, this article proposes a levitation device with the
grid-type Fe-NCS structure, as shown in Fig. 1. The thin layer
of grid-type Fe-NCS strip is uniformly attached to the surface
of the aluminium sheet.

A. Optimization Objectives for Dynamic Characteristics

To achieve stable levitation and rapid moving motion, the grid-
type Fe-NCS structure should be optimized. The number and
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width of the grid strips are optimized to adjust the contribution of
the driving force of different materials to obtain the best dynamic
characteristics.

The optimization objectives and constraints can be expressed
as

maximize :
N,W

vxav =
xo

tld

subject to : hs > 0

0 ≤ N ≤ Nmax

0 ≤ W ≤ LN−1

xn = x0 +
D(2n− 1)

2N
(n = 1, 2, . . . , Nmax) (22)

where W and L are the width and length of the grid-type Fe-NCS
strip, respectively, N is the number of grid-type Fe-NCS strips,
and its value is an integer. Nmax is the maximum number of
grid-type Fe-NCS strips. xn-x0 is the distance between the nth
and the side-most grid-type Fe-NCS strips. D is the length of
the aluminium. vxav is the average horizontal velocity of the
levitation device. To evaluate the horizontal motion characteris-
tics of the levitation device, the length of the horizontal motion
observation zone is set to be 25 cm. hs is the minimum oscillation
distance between the levitation device and the surface of the
transmitter coil.

The mathematical model function for the optimization ob-
jective consists of two distinct components: 1) characterizing
the levitation device’s dynamic behavior and 2) the imposition
of size constraints. Specifically, the average lateral velocity of
the levitation device is represented by vxav, and the condition
hs>0 indicates the achievement of a stable levitated state. The
constraints N and W are associated with the geometric limitations
imposed on the grid-type Fe-NCS structure. At the same time,
xn ensures the uniform distribution of the grid-type Fe-NCS on
the surface of the aluminium substrate.

B. VA-PSO Algorithm

The PSO algorithm is based on group behavior, which ob-
tains the optimal global solution by simulating a flock of birds
foraging [20]. In which a particle represents the individuals
in the flock, it only has velocity and acceleration. The group
consisting of particles independent of each other is called the
particle swarm. The group converges to the unique food location
by updating the individual position [21]. The PSO is selected for
optimizing the structure of the levitation device due to its strong
convergence properties in handling multiobjective optimization
problems.

Assume that the group consists of Ng independent particles
and the optimization is carried out in a specific space of M
dimensions. The position of the ith particle in the jth dimension
is xij, and its velocity is vij. The optimal position of the ith
particle in the jth dimension during the solution process is pbij.
The optimal position of the whole group is gb. The state equation

Fig. 8. Optimization flowchart of the dynamic characteristic of the levitation
device based on the VA-PSO algorithm.

of the ith particle in the jth dimension at the tth iteration is⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

xij(t+ 1) = xij(t) + vij(t+ 1)
vij(t+ 1) = ωivij(t) + c1r1(pbij − xij(t))

+ c2r2(gb− xij(t))
1 	 i 	 Ng

1 	 j 	 M.

(23)

The above equation is the standard PSO algorithm equation.
ωi is the inertia weight coefficient, and the larger its value, the
stronger the local search ability of the group. The acceleration
coefficients c1 and c2 represent the self-learning ability and the
social learning ability of independent particles, respectively. Ini-
tially, to obtain a large-scale search ability and avoid falling into
the local optimal solution, the value of c1 should be sufficiently
large, and the value of c2 should be sufficiently small. On the
contrary, when it is at the end of the solution optimization, the
value of c2 should be sufficiently large, and the value of c1 should
be sufficient to improve the convergence speed of the solution.
Therefore, this article proposes the VA-PSO algorithm, where
the acceleration coefficient at the tth iteration is{

c1 =
[
c1min−c1max

T−1 (t− 1) + c1max

]
e(t−1)(t−T )

c2 =
[
c2max−c2min

T−1 (t− 1) + c2min

]
e(t−1)(t−T )

(24)

where T is the total number of the optimization iterations. cimin

(i = 1,2) and cimax (i = 1,2) are the upper and lower limits of
the acceleration coefficients.

The proposed VA-PSO algorithm is an asynchronous learning
factor-based PSO method that combines extensive exploration in
the initial phase with accelerated convergence in the final phase.

C. Optimization of the Dynamic Characteristics of the
Levitation Device

The optimization flowchart of the dynamic characteristic of
the levitation device based on the VA-PSO algorithm is shown
in Fig. 8. The VA-PSO algorithm is improved by adjusting
the acceleration coefficients in the iterative process, satisfying
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TABLE III
PARAMETERS OF THE VA-PSO ALGORITHM

Fig. 9. Parameter optimization based on the VA-PSO algorithm. (a) Number
of grid strips (3-D). (b) Number of grid strips (2-D). (c) Width of grid strips
(3-D). (d) Width of grid strips (2-D).

the requirements of the acceleration coefficient under different
iteration stages.

The particles in the group are initialized through random
position distribution. The adaptability of the independent par-
ticles is numerically resolved. Their velocities and positions are
updated by learning their optimal historical positions till the
group approaches the optimal solution position. Table III shows
the parameters of the VA-PSO algorithm.

Based on the VA-PSO algorithm, the optimization of the dy-
namic characteristics of the levitation device with the grid-type
Fe-NCS structure is presented in Fig. 9. As the optimization
iterations proceed, the number and width of the grid strips
approach the optimal solution position and are stabilized after
20 iterations, i.e., N= 4, W= 10.7 mm. The optimization results
show that the number of grid strips tends to the maximum within
the specified range. In practical applications, the number of strips
should be limited due to engineering conditions.

Fig. 10. Horizontal motion characteristics of the levitation device with the
grid-type Fe-NCS structure.

Fig. 11. Prototype for motion characteristics of the levitation device.

The horizontal motion characteristics of the optimized lev-
itation device are illustrated in Fig. 10. The levitation device
with the fully coated Fe-NCS structure cannot be levitated stably
in the vertical direction. Its maximum horizontal displacement
distance is 10.4 cm. Compared to the levitation device without
the grid-type Fe-NCS structure, the time taken for the levitation
device with the grid-type Fe-NCS structure to pass through the
horizontal displacement of 12 cm is decreased from 1.78 to 1.43
s. The average horizontal velocity increases by 18.5%.

Based on the above analysis, the levitation device with the
grid-type Fe-NCS structure optimized by the VA-PSO algorithm
avoids the inability to maintain the vertical levitate stably under
the condition of fully coated Fe-NCS. At the same time, it has the
characteristics of rapid displacement in the horizontal direction.

IV. VERIFICATION EXPERIMENTS FOR OPTIMIZATION OF

DYNAMIC CHARACTERISTICS OF THE LEVITATION DEVICE

A 3.7-kW WPT prototype with the levitation device is built to
validate the proposed design and analysis, as shown in Fig. 11.
The parameters of the WPT system are the same as that de-
scribed in Section I. The motion states of the marked levitation
devices with different dimensions and structures are obtained
by using the high-speed sampling camera. The collected motion
trajectory data of the levitation drive are analyzed by the upper
computer.
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Fig. 12. Vertical motion characteristics of the levitation device under different
conditions. (a) Different dimensions. (b) Different initial heights.

Based on the discussion in Section II-A regarding the force
exerted on the levitation device, it is evident that the EMF acting
on the device exhibits periodic behavior with a vibration fre-
quency that is twice the system’s operating frequency. However,
as outlined in Section II-B, concerning the motion characteristics
of the levitation device, the ultimate motion state of the device
is determined by the magnitude of the EMF. Therefore, the
choice of the system frequency is relatively independent of the
focus of this article. Considering the widespread adoption of
low frequencies, such as 10 kHz, in practical applications, the
selection of 10 kHz as the system’s operating frequency in this
article is based on previous research experiences and successful
real-world implementations.

The vertical motion characteristics of the levitation device
with the fully coated Fe-NCS structure are shown in Fig. 12.
Set the initial height of the levitation device as h = 30 mm.
The vertical motion characteristics are compared under different
dimensions conditions. When the length of the levitation device
is 40 and 50 mm, the vertical motion trajectories perform as
the underdamping oscillation, which has the steady-state levita-
tion heights of 8.8 and 8.45 mm reached at 0.63 and 1.21 s,
respectively. When the length of the levitation device is 60
and 70 mm, the vertical motion trajectories perform as the
overdamping oscillation, and the steady states are obtained at
0.38 and 0.84 s, respectively. The vertical motion characteristics
of the levitation device with the fully coated Fe-NCS structure
versus the initial height under the same length of 40 mm are
compared in Fig. 12(b). The results show that the final steady-
state levitation height is 8.8 cm, which is independent of the
initial height. However, the time for the levitation device to
reach the steady state increases with the increase of the initial
height. When the length of the levitation device is 20 and

Fig. 13. Horizontal motion characteristics of the levitation device under
different structures.

Fig. 14. Motion characteristics of the levitation device (L = D = 60 mm).

50 mm, the stable levitations are reached at 0.53 and 1.12 s,
respectively.

The horizontal trajectory of the levitation device with and
without the fully coated Fe-NCS structure is compared in Fig. 13.
The Fe-NCS coating can improve the horizontal dynamic re-
sponse of the levitation device. When the length of the levitation
device is 40 mm, the average horizontal velocity is 7.4 cm/s
under the condition that the Fe-NCS are not coated. After the
Fe-NCS is fully coated, the average horizontal velocity increases
by 9.46% to 8.1 cm/s. When the length of the levitation device
is 70 mm, the levitation device with and without the fully coated
Fe-NCS structure reaches the steady state at 0.38 and 1.31 s,
respectively. The levitation device cannot reach steady-state
levitation when the length of the levitation device with the fully
coated Fe-NCS structure is 60 mm, which is consistent with the
simulation results.

To solve the problem that the levitation device with the fully
coated Fe-NCS structure cannot maintain stable levitation under
the condition of large size, the grid-type Fe-NCS structure is
proposed and optimized by the VA-PSO algorithm. The levita-
tion device with a length of 60 mm is taken as the optimization
objective.

The comparison of the motion trajectory of the levitation
device with the fully coated Fe-NCS structure and with the
grid-type Fe-NCS structure is presented in Fig. 14. Due to
the electromagnetic attraction, the vertical motion of the lev-
itation device with the fully coated Fe-NCS structure cannot
maintain a stable levitation when the length is 60 mm. The
optimized levitation device with the grid-type Fe-NCS structure
can achieve stable levitation and rapid horizontal displacement.
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It reaches an oscillation levitation state at 0.97 s, and its stable
levitation height is 6.5 mm. With the grid-type Fe-NCS structure,
the average horizontal velocity increases by 22.3% to 9.3 cm/s
compared to the levitation device without the Fe-NCS structure.
The experimental results are consistent with the simulation
results and prove the accuracy of the optimization results. The
system efficiency demonstrates fluctuations within the 85% to
89% range, demonstrating its ability to maintain a relatively high
energy transfer efficiency within a defined operational range.

The discrepancy between the experimental and simulation
results can be attributed to two main factors. First, in the simu-
lation, the levitation device is assumed to experience balanced
air resistance solely in the vertical direction. At the same time, in
actual experiments, its slight inclination introduces additional air
resistance in the horizontal direction. Although this inclination
has a negligible effect on the device’s motion characteristics, it
contributes to the observed differences. Second, the accuracy of
the experimental results is influenced by the inherent limitations
and measurement errors of the high-speed camera used for data
acquisition.

V. CONCLUSION

To drive the levitation device and realize power transfer at
the same time in the WPT system, a levitation device consisting
of the aluminium and the Fe-NCS is proposed based on the
performance of the EMF on the two materials. The Fe-NCS
can enhance the horizontal dynamic response of the levitation
device but is harmful to the levitation device’s vertical steady
state. To solve the problem that the levitation device with the
fully coated Fe-NCS structure cannot maintain the steady-state
levitation under large size, the grid-type Fe-NCS structure is
proposed and optimized by using VA-PSO algorithm, achieving
the stable vertical levitation and rapid horizontal displacement.
A 3.7-kW prototype is built to verify the proposed design. The
optimized levitation device with the grid-type Fe-NCS structure
can achieve stable vertical levitation at 0.97 s with an average
horizontal velocity of 9.3 cm/s.
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